Mature stage IVb Phycomyces sporangiophores show left-hand spiral growth; that is, viewed from above, the sporangium rotates clockwise. It has been shown that mechanical conditioning (strain-hardening) of the cell wail by the Instron technique increases the ratio of rotation to the elongation growth rate compared to nonmechanically conditioned controls. It is reported that the addition of a saturating Light stimulus to these sporangiophores causes a decrease in the ratio of rotation to elongation growth rate. This result is in agreement with the fibril slippage model, Le The sporangiophore of the fungus Phycomyces blakesleeanus is unique in that it shows both a left-handed and right-handed spiral growth during its first few hours of development (2, 3, 6). In our earlier article (5), we reported that mechanically conditioning (strain-hardening) the cell wall using the Instron technique resulted in an increase in the ratio of rotation to elongation growth compared to nonmechanically conditioned controls. This finding was in full agreement with the fibril reorientation model that predicted that the ratio of rotation to elongation growth rate would increase as the right-handed spiral configuration of the fibrils became less flat, i.e. the flatness of the spiral is determined by the value of the angle (4) between the longitudinal axis of the sporangiophore and the longitudinal axis of the fibrils. The orientation of the fibrils towards the longitudinal axis is, in part, the result of the internal turgor pressure which is the driving force of cell wall extension. In this report, we have repeated the identical experiments as previously reported (5) but have added a saturating light stimulus 1 min after strain-hardening the cell wall. The light stimulus is a 1-min pulse of white light from a 10 w incandescent light bulb symmetrically given to a previously red light-adapted strain-hardened Phycomyces. The sporangiophore was placed on 'This work was supported by National Science Foundation Grant ENG78-03853. a rotating stage during the light stimulus to ensure symmetrical stimulation. The experimental procedure used was the same as reported earlier (5); a state IVb sporangiophore was lightly dusted with starch particles, and then an aluminum foil marker was placed on the stalk immediately below the sporangium. A specially designed punch was constructed to ensure that all markers were uniform in size, and the markers were periodically measured with a calibrating (toolmaker's) microscope. The aluminum markers were rectangular, measuring 0.546 mm in length; they adhered to the cell wall by static electricity. The sporangiophore then was photographed every 2 min. Rotation and elongation rates can be determined from any pair of photographs. The elongation rate was determined by measuring the change in distance between the upper aluminum marker and a starch particle located somewhere below the GZ'. The rotation rate was determined by measuring the apparent change in length of the marker as it rotated about the vertical axis of the stalk. The angle of displacement of the marker from a vertical plane normal to the camera is arc cosine L,/L2 = 6, where Li is the apparent length of the marker photographed in the vertical plane normal to the camera and L2 is the known actual length of the marker. At the start of the experiment, Li = L2 and the arc cosine is zero. After the series of photographs were taken at 2 min intervals, the sporangiophore was strain-hardened by using an Instron machine, and the entire procedure was repeated. The average delay in growth after strainhardening was about 5 min. During elongation growth, the markers in the upper region of the growing zone are often slowly displaced away from the sporangium. These markers then can no longer be used to determine rotational and elongational rates of the entire GZ since they reflect only cell wall changes that occur in the GZ below their location. On the average, it took about 1 min to unhook the sporangiophore from the Instron machine and prepare it for photography. Figure 1 shows the composite data from four experiments. The strain-hardened sporangiophore after receiving a light pulse usually shows a decrease in the ratio of rotation growth rate to elongation growth rate compared to the controls which were not strain-hardened. This result is in sharp contrast to our previous report (5) in which a strain-hardened sporangiophore growing under steady state conditions always showed an increased ratio of rotation growth rate to elongation growth rate. This effect, the measured increase or decrease in the rotation to elongation ratio, occurs immediately after the initiation ofgrowth; growth is defined to be rotation, elongation, or both. In fact, this effect is so strong that we often see, following a light stimulus, that the elongation continues with the absence of measurable rotation. This finding appears to be in full agreement with the fibril slippage model 
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GAMOW AND BOTTGER proposed earlier (8, 9) ; this model was formulated to explain the counterclockwise rotation of stage IVa. Figure 2 illustrates how the parallel slippage of fibrils forming a right-handed spiral can account for the counterclockwise rotation. We are now proposing that light activates one or more cell wall-loosening enzymes; these enzymes function by cleaving intermolecular bonds between parallel fibrils. After bond cleavage, the fibrils will undergo slippage driven by the cell's internal turgor pressure. This slippage will increase the twist vector Dt illustrated in Figure 2 . The fact that cell wall bulging does not occur implies that the structured anisotropy of the cell wall is such that an increase in length is favored over an increase in girth regardless of the direction of growth.
This model suggests that in the upper region of the GZ where the spiral configuration of the fibrils is behlieved to be maximally flat (7, 10, 11), fibril slippage either as a result of steady state growth or growth resulting from a light stimulus would result in negative (counterclockwise) rotation. It has been well-established by Oort (6) and Cohen and Delbruck (4) that stage IVb shows a net clockwise rotation which increases in rotation rate as it does in growth rate in response to a light stimulus. In addition, Cohen and Delbruck (4), in their detailed analysis of the growing zone, found that, in the very upper region of the GZ, the rotation is negative, although simultaneously the majority of the GZ is positive. They state, "The curious negative values of the twist in the uppermost portion of the GZ are undoubtedly real." It has long been a puzzlement that stretch and twist are only loosely connected phenomena and that maximum twist occurs in the region below where maximum stretch occurs. They found that maximum stretch occurs 0.5 mm below the sporangium, whereas maximum twist occurs 0.75 mm below the sporangium. If these two processes, fibril slippage and fibril reorientation, occur simultaneously in the stage IVb GZ with slippage predominantly occurring in the upper region and fibril reorientation occurring below this region, then the lack of coupling of these two phenomena is clearly explained. Cohen and Delbruck's (4) finding that, in the region where the intensity of stretch is maximum, the twist is either negative or zero suggests to us that the largest contribution to this maximum intensity of stretch occurs by means of fibril slippage. Stretch intensity has been defined (4) as "the fractional change in length per unit time of an element located at x," where x is some point on the GZ. We speculate that the interplay of these two opposite processes occurs probably in only the upper one-third of the GZ. The rest of the GZ is probably laying down additional inner fibrils with these new wall fibrils being constantly reoriented during the stretching process, consistent with the wellknown fact that the entire lower part of the GZ is becoming progressively stiffer and has a clockwise rotation (1, 4) .
Here, we believe that, by using the strain-hardening technique, we have separated these two overlapping mechanisms, slippage and reorientation. Further experiments involving measuring behavioral changes of Phycomyces sporangiophores after mechanical deformation may further elucidate the molecular architecture of the growing cell wall.
